Type I IFN signaling, which is initiated through activation of the alpha interferon receptor (IFNAR), regulates the expression of proteins that are crucial contributors to immune responses. Paramyxoviruses, including human metapneumovirus (HMPV), have evolved mechanisms to inhibit IFNAR signaling, but the specific contribution of IFNAR signaling to the control of HMPV replication, pathogenesis, and adaptive immunity is unknown. We used IFNAR-deficient (IFNAR ؊/؊ ) mice to assess the effect of IFNAR signaling on HMPV replication and the CD8 ؉ T cell response. HMPV-infected IFNAR ؊/؊ mice had a higher peak of early viral replication but cleared the virus with kinetics similar to those of wild-type (WT) mice. However, IFNAR ؊/؊ mice infected with HMPV displayed less airway dysfunction and lung inflammation. CD8
H
uman metapneumovirus (HMPV) is a leading cause of acute lower respiratory infection (LRI), with infants and elderly and immunocompromised persons at the highest risk of severe complications from viral infection (1) (2) (3) (4) (5) (6) (7) (8) (9) . No licensed therapeutics or vaccines exist to combat or prevent HMPV infection. Nearly all individuals have been exposed to HMPV by the age of 5 years (10, 11). Infection with this virus results in a neutralizing antibody (nAb) response in almost all healthy individuals, but data show that the nAb titers present in a large percentage of previously infected people are insufficient to prevent reinfection (12) (13) (14) . This indicates that humoral immunity alone is insufficient for the complete protection of humans from HMPV. The mechanism by which HMPV evades the adaptive immune system is still unknown, but recent evidence suggests that impairment of the lung CD8 ϩ T cell response following HMPV infection is a contributing factor (15) . In contrast to humans, infection of immunocompetent mice with HMPV results in sterilizing immunity, preventing reinfection (16, 17) .
HMPV, like other members of the Paramyxoviridae family, such as respiratory syncytial virus (RSV) and parainfluenza viruses, can subvert the innate immune response through modulation of the type I interferon (IFN) signaling pathway (18, 19) . Type I IFN signaling, which is initiated through activation of the IFN-␣ receptor (IFNAR), is thought to be integral to the early immune response through the induction of antiviral effector molecules (20) (21) (22) . In addition, this pathway can modulate the adaptive immune response by contributing to both clonal expansion and maintenance of memory T cells, as well as priming and differentiation of antigen-presenting cells (APCs) (23) (24) (25) (26) .
Recent data indicate that HMPV infection generates function-ally impaired virus-specific CD8 ϩ T cells in the lungs as a result of signaling through the inhibitory receptor programmed death 1 (PD-1) (15) . PD-1, along with other inhibitory receptors, has been shown to be highly upregulated in both cancer and chronic viral infections (27) (28) (29) , but little is known about the role of PD-1 in acute respiratory viral infections. The ligand for PD-1, programmed death ligand 1 (PD-L1), is expressed on professional APCs, as well as primary infected lung epithelial cells, and is thought to be induced in an IFN-dependent manner (30, 31) .
In this study, we used an established model of HMPV infection to demonstrate that genetic ablation of the IFN-␣ receptor (IFNAR Ϫ/Ϫ mice) diminished the HMPV-specific CD8 ϩ T cell response. We found that although IFNAR-deficient animals were able to clear the virus after infection and developed significantly higher antibody titers, they displayed less overall disease and lung inflammation than wild-type (WT) animals. Despite similar PD-1 expression levels and lower PD-L1 expression levels in IFNAR Ϫ/Ϫ and WT mice during HMPV infection, HMPV-specific CD8 ϩ T cells were more impaired in IFNAR Ϫ/Ϫ mice than in WT mice. T cell Ig and mucin domain-containing molecule 3 (Tim-3) was significantly upregulated on HMPV-specific CD8 ϩ T cells in IFNAR Ϫ/Ϫ animals. Further investigation of the specific APC subsets in the lung during HMPV infection showed that alveolar macrophages do not rely on IFNAR signaling for expansion or the expression of PD-L1, but significantly fewer dendritic cells (DCs) were found in IFNAR Ϫ/Ϫ mice during HMPV infection. Both DCs and interstitial macrophages upregulated PD-L1 in an IFNARdependent manner, while alveolar macrophages expressed higher levels of the inhibitory ligand than other lung APC subsets in both infected and uninfected WT and IFNAR Ϫ/Ϫ mice.
MATERIALS AND METHODS
Mice and viruses. C57BL/6 (B6) mice were purchased from The Jackson Laboratory. IFN-␣/␤ receptor-deficient (IFNAR Ϫ/Ϫ ) B6 mice were kindly provided by Herbert W. Virgin. All animals were bred and maintained under specific-pathogen-free conditions in accordance with guidelines approved by the AAALAC and the Vanderbilt Institutional Animal Care and Use Committee. Six-to 12-week-old age-and gender-matched animals were used in all experiments. HMPV (pathogenic clinical strain TN/ 94-49, genotype A2) was grown and titers were determined in LLC-MK2 cells as previously described (32) . For all experiments, mice were anesthetized with intraperitoneally administered ketamine-xylazine and infected intranasally with 1.5 ϫ 10 6 PFU of HMPV. Serum was collected from WT and IFNAR Ϫ/Ϫ mice by submandibular venipuncture and used in a plaque reduction assay to determine HMPV nAb titers as previously described (32) . The median values of triplicate measurements of percent HMPV neutralization for each animal of each genotype were plotted as a function of the log 2 -transformed serum dilution factor and analyzed in a sigmoidal dose-response curve to determine the 50% inhibitory concentration (IC 50 ). Nasal turbinates and lungs were collected for analysis, and tissue viral titers were measured by plaque titration as previously described (32) . For histopathology analysis, the left lung was removed, inflated with 10% buffered formalin, paraffin embedded, stained, and analyzed by using a formal scoring system in a group-blinded fashion by an experienced lung pathologist as previously described (15) .
Pulse oximetry. To measure breath distension, mice were anesthetized with an isoflurane-oxygen (2:98%; 2 liters/min) mixture (VetEquip). Mice were secured on their backs and given constant anesthesia during the procedure via a nosecone attachment. The right leg and thigh were shaved, and a thigh sensor was secured to the right thigh of each mouse and covered with a dark cloth to reduce ambient light. A pulse oximeter (MouseOx; Starr Life Sciences Corp.) was used to measure arterial O 2 saturation, heart rate, pulse rate, pulse distension, and breath distension every 0.1 s (MouseOx software, version 4.0). Each mouse was monitored until sufficient data were collected in which all of the parameters were successfully measured, and only these data were used in analyses (1 to 2 min per mouse). The breath distension of each animal was calculated by averaging all of the measurements for each mouse per condition per genotype.
Flow cytometry. Cells were isolated from lungs of infected animals as previously described (15) . Briefly, lungs were rinsed in R10 medium (RPMI 1640 [Mediatech] plus 10% fetal bovine serum [FBS], 2 mM glutamine, 50 g/ml gentamicin, 2.5 g/ml amphotericin B, and 50 M ␤-mercaptoethanol [Gibco, Invitrogen]), minced with a scalpel, and then incubated with 2 mg/ml collagenase A (Roche) and 20 g/ml DNase (Roche) for 1 h at 37°C. Single-cell suspensions of digested lungs were obtained by pressing lung tissue through a steel screen (80 mesh) and then passing it over a nylon cell strainer (70-m pore size). Erythrocytes were lysed with Red Blood Cell Lysis Buffer (Sigma-Aldrich). For labeling of HMPV-specific CD8 ϩ T cells, single-cell suspensions of mouse lungs were incubated with APC-labeled H2-D b tetramers (0.1 to 1 g/ml) and anti-CD8␣ (clone 53-6.7; BD Biosciences), and anti-CD19 (clone 1D3; eBioscience) antibodies (15) . Surface/tetramer staining was performed for 1 h at room temperature in phosphate-buffered saline (PBS) containing 2% FBS and 50 nM dasatinib (LC Laboratories) (33) . For assessment of PD-L1 expression, cells were stained with anti-epithelial cell adhesion molecule (EpCAM, clone G8.8; BioLegend), anti-CD11c (clone HL3; BD), anti-CD11b (clone M1/70; Tonbo), and anti-major histocompatibility complex (MHC) class II (clone 2G9; eBioscience) antibodies. Cells were also stained with PD-1 (clone J43; BD Biosciences), Tim-3 (clone RMT3-23), LAG-3 (clone C9B7W), 2B4 (clone m2B4 (B6)458.1; BioLegend), and PD-L1 (clone MIH5; BD) antibodies or an isotype control antibody (hamster IgG2). Staining for HMPV-specific CD8 ϩ T cells was normalized to the binding of a cognate APC-labeled H2-D b tetramer loaded with influenza virus peptide NP366 to CD8 ϩ T cells (typically, 0.05 to 0.2% CD8 ϩ T cells). For all cell populations, forward scatter (FSC) and side scatter (SSC) gating was used to obtain cells of the appropriate size and shape.
To identify HMPV-infected cell populations, homogenized lung cell suspensions were stained with polyclonal anti-HMPV guinea pig sera (32) for 1 h at room temperature, washed, and then stained with a fluorescein isothiocyanate (FITC)-conjugated anti-guinea pig secondary antibody (Life Technologies). Lung epithelial cells and CD11c ϩ high DCs were identified by FSC and SSC and stained for EpCAM and CD11c antibodies as described above. Gates for HMPV-positive cell populations were set by using uninfected mice and isotype controls (BioLegend and BD). All flow cytometric data were collected with an LSRII flow cytometer or an LSRFortessa cell analyzer (BD Biosciences) and analyzed with FlowJo software (Tree Star).
Intracellular cytokine staining (ICS). Lung or spleen lymphocytes were isolated and restimulated in vitro for 6 h at 37°C with a nonspecific peptide or the indicated synthetic peptide (10 M final concentration) in the presence of an anti-CD107a antibody (clone 1D4B; BD Biosciences). The protein transport inhibitors brefeldin A and monensin (BD Biosciences) were added for the final 4 h of restimulation. Stimulation with phorbol myristate acetate (PMA)-ionomycin (50 ng/ml PMA and 2 g/ml ionomycin; Sigma) served as a positive control. After restimulation, cells were stained for surface expression of CD3ε (clone 145-2C11), CD8␣, and CD19, fixed, permeabilized, stained for intracellular IFN-␥ (clone XMG1.2; BD Biosciences), and analyzed by flow cytometry. Background cytokine levels following restimulation were normalized to a nonspecific peptide.
Real-time RT-PCR. A 200-l volume of undiluted lung homogenate from infected or uninfected IFNAR ϩ/ϩ or IFNAR Ϫ/Ϫ mice was lysed with an equal volume of RLT lysis buffer (Qiagen) and frozen at Ϫ20°C. Samples were thawed, and RNA was extracted with the MagNA Pure LC total nucleic acid isolation kit (Roche Applied Sciences) on a MagNA Pure LC by the Total NA External Lysis protocol and stored at Ϫ80°C. Statistical analyses. Data analysis was performed with Prism v4.0 (GraphPad Software). Groups were compared by unpaired t test or oneway analysis of variance (ANOVA) with a post hoc Tukey test for multiple comparisons. P Ͻ 0.05 was considered significant by convention.
RESULTS
Type I IFN signaling limits HMPV replication and spread but also contributes to disease pathogenesis. To characterize the role of IFNAR signaling in HMPV infection, we investigated the kinetics of HMPV replication in an IFNAR-deficient (IFNAR Ϫ/Ϫ ) transgenic mouse model. IFNAR Ϫ/Ϫ mice exhibited significantly more infectious virus in the lungs at the peak of HMPV infection (3 and 5 days postinfection) than WT controls did. However, viral clearance in IFNAR Ϫ/Ϫ mice was similar to that in WT animals, with decreasing virus titers at day 7 and no detectable virus by day 10 (Fig. 1A ). WT and IFNAR Ϫ/Ϫ mice were challenged at 22 days postinfection, and neither had detectable viral replication.
To investigate the role of IFNAR in disease severity during HMPV infection, we first assessed weight loss and breath distension. IFNAR Ϫ/Ϫ mice showed significantly less weight loss than WT mice early after infection (Fig. 1B) . We used a mouse oximeter to quantify airway dysfunction, a key feature of severe LRI in humans (35) . Airway dysfunction and subsequent air trapping during HMPV infection lead to pulsus paradoxus, an exaggeration of the pulse volume during respiration as a result of increased breathing effort (36), which we quantified as breath distension. IFNAR Ϫ/Ϫ mice had significantly less breath distension than WT animals throughout the course of HMPV infection (Fig. 1C) .
Measurements of HMPV-infected IFNAR
Ϫ/Ϫ mice were similar to those of uninfected WT mice (not shown). ϩ/ϩ and IFNAR Ϫ/Ϫ mice was measured by pulse oximetry following HMPV infection. n ϭ 4 to 10 mice per day per group with at least two independent experiments. Groups were compared by unpaired t test or two-way ANOVA. *, P Ͻ 0.05; **, P Ͻ 0 0.02.
Type I IFN signaling contributes to histopathological disease during HMPV infection, and IFNAR deficiency leads to lower levels of inflammatory cytokines. To determine whether the marked lack of airway dysfunction in IFNAR Ϫ/Ϫ mice corresponded to histopathological disease, the lungs of HMPV-infected WT and IFNAR Ϫ/Ϫ mice and uninfected control mice were stained with hematoxylin and eosin (H&E) ( Fig. 2A) and periodic acid-Schiff (PAS) stain, which preferentially stains polysaccharides in mucus (Fig. 2B) . HMPV-infected WT mice had more inflammatory infiltrate than uninfected animals did, while the lung architecture of infected IFNAR Ϫ/Ϫ mice appeared similar to that of uninfected controls with less inflammatory infiltrate ( Fig.  2A) . Additionally, there appeared to be more mucus production in the lungs of WT than IFNAR Ϫ/Ϫ mice (Fig. 2B) . Analysis of lung histopathology with a formal scoring system produced significantly higher inflammation scores for the WT than the IFNAR Ϫ/Ϫ groups (Fig. 2C ). We also measured cytokine levels from whole lung homogenates collected from HMPV-infected, as well as uninfected, WT and IFNAR Ϫ/Ϫ mice by RT-PCR. In uninfected animals, these cytokines were undetectable by this assay or present at very low levels (data not shown). Therefore, we compared infected WT and IFNAR Ϫ/Ϫ mice. These analyses revealed that the levels of the TH 1 cytokines IFN-␥, IL-2, and IL-12 were lower in HMPV-infected IFNAR Ϫ/Ϫ mice than in HMPV-infected WT mice (Fig. 2C ), while the TH 2 cytokine IL-4 levels in the infected WT and infected IFNAR Ϫ/Ϫ groups were not different. Together, these data suggest that IFNAR signaling contributes to disease pathogenesis in the lungs of HMPV-infected mice.
Lack of type I IFN signaling does not change CD8 ؉ T cell, CD19
؉ B cell, or CD11c ؉ cell infiltration during HMPV infection. The cytokine data suggested a deficiency in the adaptive cellular immune response to HMPV infection in IFNAR Ϫ/Ϫ mice. To test the hypothesis that IFNAR signaling promotes adaptive immune responses to HMPV, we assessed nAb titers and examined immune cells known to be important in the host response to respiratory viruses in the lungs of WT and IFNAR Ϫ/Ϫ mice. Twentyone days after HMPV infection, serum was collected from previously infected WT and IFNAR Ϫ/Ϫ mice, and plaque neutralization assays were performed. IFNAR Ϫ/Ϫ mice possessed significantly higher nAb titers than WT mice (Fig. 3A) , but, as indicated in Fig.  1 , both groups were immune to reinfection.
Next, we examined the infiltration of the infected lung by immune cells. Ten days after HMPV infection, at the peak of the adaptive response, the total numbers of lymphocytes in the lungs of WT and IFNAR Ϫ/Ϫ mice were not significantly different (Fig.  3B) . Counts of CD11c ϩ high lung cells, which are important for induction of innate and adaptive immune responses via viral antigen presentation, were significantly higher in both IFNAR Ϫ/Ϫ and WT mice at 10 days postinfection than in uninfected controls. However, no statistically significant difference in CD11c ϩ high cell numbers between IFNAR Ϫ/Ϫ and WT mice was noted (Fig.  3C ). Neither CD8 ϩ T cell nor CD19 ϩ B lymphocyte levels were significantly different in HMPV-infected mice when measured as a percentage of the total lymphocyte population after HMPV infection in WT or IFNAR Ϫ/Ϫ animals ( Fig. 3D ; data not shown). These data suggest that IFNAR signaling is not crucial for the recruitment of adaptive immune cells to the site of HMPV infection.
Efficient development of a functional HMPV-specific CD8
؉ T cell response requires type I IFN signaling. Given diminished respiratory tract pathology in IFNAR Ϫ/Ϫ mice ( Fig. 1 and 2 ) but similar recruitment of inflammatory cells to the lungs (Fig. 3 ) upon HMPV infection, we wondered whether the functionality of the cells that reach the lungs of IFNAR Ϫ/Ϫ mice differs from that of their counterparts in WT mice. To test this hypothesis, we first quantified the virus-specific component of the adaptive immune response. To do this, we performed MHC tetramer staining for the immunodominant HMPV epitope F 528-536 (F528) to enumerate HMPV epitope-specific cells. IFNAR Ϫ/Ϫ mice had significantly fewer F528-specific CD8 ϩ T cells in the lungs than WT animals did (Fig. 4A) . Next, we examined the functionality of these HMPV-specific cells by ex vivo peptide stimulation and ICS of lung lymphocytes collected 10 days postinfection. A significantly smaller fraction of HMPV-specific CD8 ϩ T cells from IFNAR Ϫ/Ϫ mice produced IFN-␥ than those from WT mice (Fig. 4B) . On the basis of previous studies showing that PD-1 signaling contributes to T cell impairment (15), we quantified PD-1 expression on both HMPV-specific and total CD8 ϩ T lymphocytes. Although PD-1 was upregulated on HMPV-specific CD8 ϩ T cells compared to that on bulk CD8
ϩ T cells following viral infection, PD-1 expression on these HMPV-specific T cells was similar in IFNAR Ϫ/Ϫ and WT animals (Fig. 4C) . These data indicate an important role for type I IFN signaling in the development of functional pulmonary CD8 ϩ T cells and show that the absence of IFNAR signaling does not directly affect PD-1 expression on CD8 ϩ T cells, consistent with prior studies demonstrating T cell receptor signaling as the primary determinant of PD-1 expression (15) .
Type I IFN signaling limits the spread of HMPV in lung epithelial cells. To further examine the infected lung epithelium in the mouse model, we developed an assay for the isolation and analysis of lung epithelial cells by flow cytometry. The average number of HMPV-infected lung cells in IFNAR Ϫ/Ϫ and WT mice was analyzed by using a monoclonal antibody to identify EpCAM ϩ lung epithelial cells and a polyclonal anti-HMPV serum to identify HMPV ϩ EpCAM ϩ cells (Fig. 5A) . IFNAR Ϫ/Ϫ animals had a significantly higher percentage of HMPV ϩ EpCAM ϩ lung epithelial cells on day 5 postinfection (Fig. 5B) . No viral antigen was detected by flow cytometry in epithelial cell populations at 10 days postinfection or in CD11c ϩ high lung DCs at either 5 or 10 days postinfection (data not shown). These data show that type I IFN is important in controlling not only replication, as shown in Fig. 1 , but also viral spread in the lung.
Expression of PD-L1 is driven by, but not dependent on, type I IFN signaling in lung epithelial cells and CD11c ؉ cells. Since the expression of PD-1 was not different on virus-specific IFNAR Ϫ/Ϫ and WT cytotoxic T lymphocytes (CTLs), we wondered whether the differences in CTL functionality we observed could be due to altered expression of the PD-1 ligand PD-L1. Prior work has indicated that the promoter of PD-L1 contains IFN regulatory elements and that IFN signaling can promote PD-L1 expression on epithelial and endothelial cells (37, 38) . We therefore quantified the expression of PD-L1 in respiratory epithelial cells and CD11c high cells on day 5 after HMPV infection. PD-L1 was significantly upregulated on both virus antigen-positive and virus antigen-negative lung epithelial cells in both WT and IFNAR Ϫ/Ϫ mice (Fig. 6A) . However, PD-L1 expression was significantly lower in IFNAR Ϫ/Ϫ animals than in WT animals. By 10 days postinfection, no differences in the levels of PD-L1 expression in lung epithelial cells in HMPV-infected WT and IFNAR Ϫ/Ϫ mice (Fig. 6B ) or in total PD-L1 transcript levels in the lungs of these animals (data not shown) were observed, although the PD-L1 lev- els on epithelial cells were still significantly higher in both groups than on those of uninfected mice. These results indicate that while IFNAR signaling can lead to increased expression of PD-L1, it is not an exclusive regulator of this ligand and other signaling pathways can upregulate PD-L1.
PD-L1 expression on bulk CD11c ϩ lung cells 5 days after HMPV infection in both WT and IFNAR Ϫ/Ϫ mice was slightly greater than that in uninfected animals, but the difference did not reach significance and no difference between groups was detected (Fig. 6C) . On day 10 postinfection, PD-L1 expression on CD11c ϩ cells was indistinguishable between infected and uninfected WT and IFNAR Ϫ/Ϫ mice (Fig. 6D) . Later analyses of the subsets of CD11c ϩ cells in the lungs (see Fig. 9 and 10) demonstrated that, in fact, this population of cells is heterogeneous and the discrete APC subsets in this gate have significant differences in their baseline expression of PD-L1 and the upregulation of this inhibitory ligand upon HMPV infection.
Functional impairment of HMPV-specific CD8 ؉ T cells is not due to Treg cell infiltration but rather corresponds to expression of the inhibitory receptor Tim-3. IFNAR signaling has been shown to affect the development and recruitment of CD4 ϩ regulatory T (Treg) cells, but the data are unclear as to whether that effect is positive or negative (39) (40) (41) (42) . Treg cells possess a myriad of anti-inflammatory properties, including suppression of virus-specific CTLs during LRI (43) . We therefore quantified Treg cell infiltration of the lungs of infected IFNAR Ϫ/Ϫ and WT mice at day 5 after HMPV infection. We found significant Treg cell infiltration in the lungs of infected WT mice but not in those of IFNAR Ϫ/Ϫ animals (Fig. 7A) . These results help explain the lower IL-10 transcript level we observed in IFNAR Ϫ/Ϫ mice than in WT A B C D
FIG 3 Lack of type I IFN signaling leads to higher serum nAb titers and does not change CD8
ϩ T cell or CD11c ϩ DC infiltration during HMPV infection. WT B6 mice and IFNAR knockout mice were infected with 10 6 PFU of HMPV, and at 21 days postinfection, these animals were submandibularly bled and their serum was harvested. In vitro neutralization assays of LLC-MKC cells were performed in triplicate with increasing dilutions of previously infected mouse serum to determine the IC 50 in serum. (A) Median percent neutralization values (n ϭ 5 per group) were plotted as a function of the serum dilution factor to obtain best-fit curves, and the IC 50 was calculated for each curve. Lungs of WT and IFNAR Ϫ/Ϫ mice 5 (C) or 10 (B, D) days after HMPV infection or uninfected control animals were harvested and analyzed by flow cytometry. (A) Cells were gated on the small lymphocyte population, and the infiltration of these cells is shown as the total number of lung lymphocytes. Specific staining of CD11c (C) and CD8 (D) allowed the enumeration of CD8 ϩ T cells and CD11c ϩ DCs. Total lung cell values, used to calculated the number of cells, were measured by hemocytometer. Groups were compared by unpaired t test or one-way ANOVA with a post hoc Tukey test where appropriate. n ϭ 4 to 15 mice per group with at least two independent experiments. Error bars represent the standard error of the mean. *, P Ͻ 0.05; **, P Ͻ 0.02; ***, P Ͻ 0.002; ns, not significant. mice (Fig. 2D ) and suggest that IFNAR signaling is important for Treg cell infiltration during HMPV infection. However, recruitment of Treg cells does not appear to be responsible for the impaired CD8 ϩ T cell phenotype. We analyzed HMPV-specific CD8 ϩ T cells 10 days postinfection for the expression of the other known inhibitory receptors Tim-3, LAG-3, and 2B4. Significant upregulation of 2B4 (Fig. 7B ) was observed on HMPV-specific CD8 ϩ T cells, although there were no differences between WT and IFNAR-deficient mice. No significant upregulation of LAG-3 ( Fig. 7C ) was observed on HMPV-specific CD8 ϩ T cells in either IFNAR Ϫ/Ϫ or WT animals. However, we found that the percentage of Tim-3 ϩ HMPV-specific CD8 ϩ T cells was significantly higher in IFNAR Ϫ/Ϫ mice than in WT mice (Fig. 7D ). There were significantly more Tim-3 ϩ HMPV-specific CD8 ϩ T cells in both IFNAR Ϫ/Ϫ and WT mice than in either naive CD8 ϩ T cells from uninfected animals or nonspecific CD8 ϩ T cells from HMPVinfected WT mice (Fig. 7D) . These data indicate that upregulation of the inhibitory receptor Tim-3 is associated with an exhausted phenotype observed in HMPV-specific CD8 ϩ T cells in the context of IFNAR deficiency.
Subsets of lung APCs are differentially affected by IFNAR signaling during HMPV infection. Four distinct categories of
APCs located in the mouse lung have been classified on the basis of their surface marker expression (Fig. 8) , as well as their ability to present viral epitopes to CD8 ϩ T cells during infection (44) . Both alveolar macrophages and DCs (Fig. 8, top right) express high levels of CD11c but can be distinguished from each other by the higher level of MHC class II expression in the DC subset (45) . DCs in the lungs can also be broken down into two groups, CD11b ϩ and CD11b Ϫ DCs (Fig. 8, bottom right) , which have also been shown to express CD103 (46; data not shown). Interstitial macrophages (Fig. 8 , bottom left) in the lung do not express CD11c but do express high levels of CD11b and moderate levels of MHC class II. During HMPV infection, both WT and IFNAR Ϫ/Ϫ mice display significantly more alveolar macrophages than uninfected animals in each group do (Fig. 9A) , but the number of DCs 
T cells in infected and uninfected animals and on HMPV-specific CD8
ϩ T cells from infected mice. Groups were compared by unpaired t test or one-way ANOVA with a post hoc Tukey test where appropriate. n ϭ 9 to 15 mice from at least two independent experiments per group. Error bars represent the standard error of the mean. *, P Ͻ 0.05; **, P Ͻ 0.02; ****, P Ͻ 0.0001. TET, tetramer.
proved to be IFN dependent, as the number of DCs in the lungs of infected IFNAR Ϫ/Ϫ animals equaled the number in uninfected mice and was significantly lower than that in HMPVinfected WT mice (Fig. 9B) . In addition, significantly more CD11b
ϩ DCs were present in the lungs of HMPV-infected WT mice than in uninfected WT or IFNAR Ϫ/Ϫ mice and infected IFNAR Ϫ/Ϫ mice (Fig. 9C) . No significant differences in the number of CD11b Ϫ DCs (Fig. 9D ) or interstitial macrophages in uninfected and infected or WT and IFNAR Ϫ/Ϫ mice (Fig. 9E ) were seen. These data show that type I IFN is crucial for the recruitment and/or proliferation of DCs in infected mouse lungs but that alveolar macrophages are unaffected by a lack of IFNAR signaling during HMPV infection.
IFNAR signaling affects the expression of PD-L1 on DCs and interstitial macrophages, but alveolar macrophages constitutively express high levels of PD-L1 regardless of the presence of IFNAR. To determine the ability of various subtypes of lung APCs to signal through the inhibitory PD-1-PDL-1 pathway, we analyzed the fraction of cells expressing the inhibitory ligand PD-L1 during HMPV infection. We found that nearly all of the alveolar macrophages in uninfected and infected WT and IFNAR Ϫ/Ϫ mice expressed PD-L1 (Fig. 10A) . Conversely, the percentage of cells expressing PD-L1 on both DC subsets, as well as interstitial macrophages, during HMPV infection was significantly lower in infected IFNAR Ϫ/Ϫ mice (Fig. 10B to D) . In DCs and interstitial macrophages of WT mice, a significantly greater fraction of PDL1 ϩ cells was observed in HMPV-infected mice than in uninfected mice, but upregulation of PD-L1 appears to be IFNAR dependent, as IFNAR Ϫ/Ϫ mice displayed no difference in PD-L1 expression on these cells during infection (Fig. 10B to D) . Additionally, the level of PD-L1 expression on alveolar macrophages, as measured by mean fluorescence intensity, was significantly higher than that on the other APC subsets (Fig. 10E) . Type I IFN appears to be indispensable for PD-L1 expression on DCs and interstitial macrophages during HMPV infection, but these data suggest that alveolar macrophages constitutively express this inhibitory ligand at high levels in both uninfected and infected lungs.
DISCUSSION
We investigated early and late immune responses in IFNARdeficient mice to elucidate the effect of IFNAR deficiency on the control and clearance of this virus in vivo. These data demonstrate that IFNAR signaling contributes to the limitation of both the replication and the spread of HMPV, similar to what has been observed in related viruses (47) (48) (49) (50) . One group found that both type I and II IFNs are important for RSV in BALB/c mice (50, 51) . IFNAR Ϫ/Ϫ mice displayed significantly higher levels of infectious virus and more HMPV antigen ϩ lung epithelial cells. By 10 days after HMPV infection, virus was not detectable by either plaque assays or direct staining of lung epithelial cells. We were not able to detect any HMPV and uninfected (HMPV AntigenϪ) cells. An antibody specific for the inhibitory ligand PD-L1 was used to measure its expression on all epithelial and DC populations at each time point. Groups were compared by unpaired t test or one-way ANOVA with a post hoc Tukey test where appropriate. n ϭ 4 to 9 mice per experimental group representative of at least two independent experiments. Error bars represent the standard error of the mean. *, P Ͻ 0.05; **, P Ͻ 0.02; ***, P Ͻ 0.002; ****, P Ͻ 0.0001; ns, not significant. challenge after primary infection and had a higher serum nAb titer than WT mice. This nAb titer increase could be due to increased viral antigen in IFNAR Ϫ/Ϫ mice and potentially highlights an advantage of a more finely tuned modulator of the type I IFN pathway in using host innate immunity to prevent antigen loads from reaching levels necessary to develop sterilizing immunity. Moreover, these data show that, in this model, type I IFN is not required to develop a fully protective response.
Recent studies have shown that RSV infection of IFNAR-deficient mice leads to lower levels of inflammatory cytokines (52) (53) (54) , and our data show that, similarly, IFNAR Ϫ/Ϫ mice infected with HMPV have fewer inflammatory cytokine transcripts. Histological analysis of infected animals showed significantly less lung inflammation in IFNAR Ϫ/Ϫ mice than in WT mice, and IFNAR Ϫ/Ϫ mice had significantly less lung dysfunction and weight loss during infection, suggesting that IFNAR signaling contributes substantially to the major disease symptoms associated with HMPV infection (1, 9, 55) . Thus, although IFNAR signaling suppresses early viral replication, it is not essential for clearance of HMPV and contributes to disease pathogenesis. A recent paper that focused on the response to HMPV in neonatal mice deficient in important adaptors of the innate cytokine response, IPS-1, IRF3, and IRF7, also corroborates our findings regarding the importance of the balance between protection and immuneinduced pathogenesis for type I IFN (56) . IFNAR Ϫ/Ϫ mice had a significant defect in the number of HMPV-specific CD8 ϩ T cells, consistent with previous data suggesting that IFNAR signaling plays a role in the clonal expansion of CD8 ϩ T cells (25) and in the maturation and priming of APCs (26, (57) (58) (59) . Virus-specific CD8 ϩ T cells become functionally impaired in the lungs during acute viral LRI, including HMPV, and this functional defect is driven predominantly by inhibitory signaling from the PD-1 receptor and its ligand, PD-L1 (15) . Because IFNs have been identified as inducing expression of PD-L1 (30, 37, 38) , we expected to observe restoration of T cell functionality in our IFNAR Ϫ/Ϫ model. However, we found that the functional impairment of CD8 ϩ T cells in IFNAR Ϫ/Ϫ mice was actually significantly increased. Importantly, this difference in impairment was not associated with increased expression of PD-1. In addition, while PD-L1 expression levels in the lung were upregulated in ϩ Treg cells, antibodies specific for CD4, FOXP3, and CD25 were used in uninfected and infected mice. Specific staining of bulk CD8 ϩ T cells in uninfected and infected mice and HMPV-specific CD8 ϩ T cells in infected animals with antibodies to the inhibitory markers 2B4 (B), LAG-3 (C), and Tim-3 (D) was used to determine percentages of inhibitory-receptor-positive cells in HMPV-specific, as well as nonspecific, CD8 ϩ T cells. Groups were compared by one-way ANOVA with a post hoc Tukey test. n ϭ 4 or 5 mice per experimental group with one independent experiment. Error bars represent the standard error of the mean. ***, P Ͻ 0.002; ****, P Ͻ 0.0001; ns, not significant.
both WT and IFNAR
Ϫ/Ϫ mice, IFNAR Ϫ/Ϫ animals exhibited lower PD-L1 levels than WT animals did in both lung epithelial and CD11 ϩ cells. Thus, although PD-L1 expression on both lung epithelial and CD11c ϩ cells was affected by IFNAR signaling, these differences were not sufficient to explain the reduction in the CD8 ϩ T cell functionality observed in IFNAR Ϫ/Ϫ mice. To date, there are conflicting studies on the impact of IFNAR signaling on Treg cells. Some groups have shown a negative impact of IFNAR signaling on the development of Treg cells (39, 40) , but others have shown that treatment with type I IFN can lead to higher Treg cell numbers (41, 42) . Treg cells can secrete suppressive cytokines, such as IL-10, to limit the functionality of CD4 Other inhibitory T cell receptors, including LAG-3 (60), 2B4 (61), and Tim-3 (62), contribute to CD8 ϩ T cell exhaustion during chronic infection, with the expression of multiple receptors increasing the exhaustion phenotype (63, 64) . While we saw no differences in LAG-3 and 2B4 expression during HMPV infection, HMPV-specific CD8 ϩ T cells from IFNAR Ϫ/Ϫ mice were significantly more likely to express the Tim-3 receptor. Tim-3 is a member of the Tim family of molecules containing an N-terminal IgV domain, a mucin domain, a transmembrane domain, and a tail extending to the cytoplasm (65) . This molecule is capable of binding to its ligand, galectin-9, and inducing suppressive signals in both CD4
ϩ and CD8 ϩ T cells (66) (67) (68) . This interaction has been associated with peripheral tolerance (69) . Recent studies have revealed the importance of Tim-3 in cancer (27, 29) and chronic viral disease (28, (70) (71) (72) (73) (74) . Our data show that, in the context of respiratory viral infections, the diminished function of HMPVspecific CD8 ϩ T cells in IFNAR-deficient mice corresponds to increased expression of the inhibitory receptor Tim-3. Since HMPV and other viruses display the ability to downregulate IFNAR signaling, Tim-3 may provide an attractive target for therapeutic intervention during HMPV infection.
Alveolar macrophages and DCs both express the cell surface marker CD11c, and these cell types, along with interstitial macrophages, are crucial APCs in the lung (44) . In WT mice, we observed an increase in both alveolar macrophages and DCs during HMPV infection, but in mice lacking IFNAR signaling, there was a significant defect in the amount of DCs, but not alveolar macrophages, in the lungs during infection. Analysis of PD-L1 expression in these subsets indicated that alveolar macrophages constitutively express high levels of this inhibitory ligand, while DCs and interstitial macrophages rely on IFNAR signaling for PD-L1 expression. Reflecting this, the total PD-L1 expression level was significantly lower in DCs and interstitial macrophages from IFNAR Ϫ/Ϫ mice than in those from WT mice. Thus, the defect in the number of PD-L1 low DCs during viral infection of IFNAR Ϫ/Ϫ mice leads to a greater ratio of APCs expressing high levels of PD-L1 (i.e., alveolar macrophages) in infected lungs, potentially explaining the decrease in CD8 ϩ T cell functionality observed in IFNAR Ϫ/Ϫ mice. Further, the decrease in total APCs was consistent with the defect in HMPV-specific CD8 ϩ T cell numbers, suggesting a global effect of the lack of type I IFN. Additionally, our data suggest that, because of intrinsic differences in PD-L1 expres- sion, DCs produce a more functional CD8 ϩ T cell response than alveolar macrophages do. These data corroborate previous findings on the importance of DCs for the immune response in the respiratory tract (75) .
It should be noted that these experiments used the B6 mouse model for HMPV infection. This model is well established as a good one for viral replication and the development and assessment of adaptive immune responses (15, 76) , but other groups studying HMPV use the BALB/c mouse model, and some differences do exist (77, 78) . Specifically related to T cell polarization, ϩ MHC class II high CD11b ϩ DCs (B, E), CD11c ϩ MHC class II high CD11b Ϫ DCs (C, E), and CD11c Ϫ MHC class II mid CD11b ϩ interstitial macrophages (D, E). Total lung cell values, used to calculate numbers of cells, were measured by hemocytometer. Groups were compared by unpaired t test or one-way ANOVA with a post hoc Tukey test where appropriate. n ϭ 4 to 9 mice per experimental group representative of at least two independent experiments. Error bars represent the standard error of the mean. *, P Ͻ 0.05; **, P Ͻ 0.02; ***, P Ͻ 0.002; ****, P Ͻ 0.0001; ns, not significant. ϩ interstitial macrophages (D, E) were probed with an antibody specific for the inhibitory ligand PD-L1. An isotype control antibody was used to draw gates to measure the percentage of cells expressing this marker (A to D), as well as to normalize its expression level on four subtypes of lung APCs (E). KO, knockout. Groups were compared by unpaired t test or one-way ANOVA with a post hoc Tukey test where appropriate. n ϭ 4 to 9 mice per experimental group representative of at least two independent experiments. Error bars represent the standard error of the mean. *, P Ͻ 0.05; **, P Ͻ 0.02; ****, P Ͻ 0.0001. MFI, mean fluorescence intensity. B6 mice have a TH1 bias, dominated by the expression of IFN-␥, IL-2, and TNF-␣, while BALB/c mice show a TH2 bias marked by the expression of IL-4, IL-5, IL-6, IL-9, IL-10, and IL-13 along with a strong antibody response (79) (80) (81) . Both of these models have provided valuable information that has contributed to our understanding human disease, but the differences should be taken into consideration.
Taken together, our data reveal an important role for type I IFN signaling in both the innate and adaptive host control of HMPV, as well as in disease pathogenesis. We demonstrate that signaling through IFNAR significantly contributes to increased inflammatory lung disease during HMPV infection, and therapeutics targeting this pathway may provide a way to mitigate disease symptoms. Because IFNAR signaling promotes DC expansion during early HMPV replication, elimination of this pathway results in a defect in the development of an efficient and effective CD8 ϩ T cell response. These findings expand our understanding of the importance of IFNAR signaling in HMPV replication and disease, as well as suggest a mechanism for IFNAR-independent impairment of the CD8 ϩ T cell response.
